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OP TICAL PULSE LASERS 

FIELD OF THE INVENTION 
The present invention is related to lasers, and more specifically, to optical pulse lasers 

employing nonlinear optical and/or saturable absorber elements and devices incorporating 

carbon nanotubes to achieve mode locking and/or Q-switching. 

BACKGROUND OF THE INVENTION 
Optical pulse lasers have great potential for applications in various fields, such as 

optical communications, optical signal processing, laser surgery, bio-medicine, optical 

diagnostics, two-photon microscopy, optical probing, optical reflectometry, material 

processing, etc. There are two main classes of optical pulse lasers, namely mode-locked lasers 

and Q-switched lasers. Mode-locked lasers can produce ultra-short optical pulses at high 

repetition rates, whereas Q-switched lasers are generally used for generating high-energy 

pulses at relatively low repetition rates. 

As is known in the art, a mode-locked laser has multiple longitudinal modes that 

oscillate simultaneously with their relative phases locked to each other at fixed relationship 

generating uniformly spaced pulses. The longitudinal modes are defined by the effective path 

length of the laser resonator. In order to achieve mode locking, a mode-locking mechanism is 

required to synchronize the phases of the lasing modes so that the phase differences between all 

lasing modes remain constant. These optically phase-locked modes then interfere with each 

other to form optical pulses. Two broad classes of mode-locking schemes, active mode 

locking, and passive mode locking, are typically used and various methods and devices are 

known in the art for implementing such mode-locking schemes. U.S. Patents 3,978,429; 

4,019,156; 4,435,809; 4,665,524; 5,764,679; 5,802,084; and 5,812,308 provide examples of 

mode-locked lasers. 

Active mode-locking schemes employ an intensity or phase modulator in the laser 
cavity operating at frequencies equal to the fundamental cavity frequency, or at an integer 
multiple or a rational multiple of the fundamental cavity frequency. An example of active 
mode locking is provided in U.S. Patent. 4,01 9,1 56. 

In contrast, passive mode-locking schemes use at least one nonlinear optical element or 
device in the lasing cavity, or within a cavity external, but optically coupled, to the lasing 
cavity, that possess an intensity-dependent response to favor optical pulse formation over 
continuous-wave lasing. A passively mode-locked laser requires at least one nonlinear optical 
element as a mode-locker. A nonlinear optical element could possess properties such as 
amplitude nonlinearity (absorption as a nonlinear function of input optical intensity), Kerr-type 
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(phase or refractive index as a nonlinear function of input optical intensity) nonlinearity, or a 
combination of both to facilitate mode locking. Amplitude nonlinearity could be provided by 
device such as a saturable absorber with a fast recovery lifetime in the order of picoseconds, 
such as the MQW semiconductor (amongst all available saturable absorbers, there are few 
5 which possess a fast response in the picosecond regime). Alternatively, Kerr-type nonlinearity, 
such as those implemented in the interferometric pulse addition method [see for example, 
Mark, 1989, or Ippen, 1989] and the Kerr-lens method (Kerr-focusing, self-focusing) [see for 
example, Spence, 1991, or Brabec 1992], could be used to provide an ultra-fast laser 
mode-locking mechanism. Although not a saturable absorber, the non-linear optical properties 

10 such as the Kerr effect, give an artificial "saturable absorber" effect, which has a response time 
much faster than any intrinsic saturable absorber. 

A saturable absorber is a material that displays a change in its optical transparency 
dependent on the incident optical intensity in a specific operating wavelength region. In a 
linear regime, where the incident optical intensity is weak, the saturable absorber absorbs the 

15 incident light, resulting in attenuation of the optical intensity of the incident light. When the 
incident optical intensity is raised to a higher level, saturation of absorption occurs and 
absorption by the saturable absorber decreases, resulting in a decrease in attenuation of the 
optical, intensity of the incident light. This kind of intensity-dependent attenuation allows the 
high intensity components of the pulse to pass through but not the low intensity components, 

20 such as the pulse wings, pedestals and background cw radiation. When a saturable absorber is 
placed in a lasing cavity, it will favor pulsing modes over cw modes. However, not all 
saturable absorbers are suitable for ultra-short-pulse mode-locking application. The important 
properties of a laser mode-locker are the saturation fluence, recovery time, and 
nonlinear/linear-absorption ratio. The saturation fluence will affect laser operating power 

25 level, which is limited by the device damage threshold. The recovery time limits the shortest 
achievable pulse width and the laser operating regime. For a given saturable fluence and 
recovery time, the laser could operate in one of four different operating regimes: cw lasing 
(without pulsing), Q-switching, Q-switched mode-locking, and cw mode-locking. A fast 
device recovery time, in picosecond and sub-picosecond regimes, is required for ultra-short 

30 pulse generation, whilst a slow recovery time, in the nanosecond regime, could give raise to 
Q-switching modes. However, a slow recovery time is also essential for self-starting of a 
mode-locked laser. Therefore, a mode locker, is a type-of saturable absorber that exhibits 
additional properties beneficial for functioning to mode lock a laser. A mode locker material, 
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which is the functional material in a mode-locker element or device useful in laser 

configuration herein, should preferably possess both a fast and a slow recovery time in order to 

be used effectively in a pulsed laser operating in the picosecond and sub-picosecond regimes. 

There are many materials possessing nonlinear properties (such as saturable absorption) that do 
5 not possess the properties of a mode-locker. The CNT materials including layers containing 

S WNTs, or a combination of SWNTs and MWNTs exhibit mode-locker properties. 

Passive mode-locked lasers are exemplified in U.S. Patents 3,978,429 and 4,435,809. 

Hybrid mode-locked lasers which combine active and passive mode locking mechanisms are 

also known. An example of hybrid mode-locked laser is disclosed in U.S. Patent 4,019,156. 
10 Q-switching and self-starting (initiate pulsing) of lasers also employ non-linear optical 

materials and/or saturable absorbers. Passive Q-switched lasers are exemplified in: U.S. 

Patents. 4,191,931; 5,119,382; and 5,408,480. 

The most commonly known saturable absorbers for laser mode-locking and 

Q-switching are materials such as an organic dye medium [see for example, Ippen, 1976] or a 
15 multi-quantum well (MQW) semiconductor device [see for example, Chemla, 1986, or Keller, 

1992]. 

Organic materials such as dyes can exhibit a broadband absorption response over 
hundreds of nanometers. However, the use of dyes in laser configurations requires the use of 
mechanical elements such as nozzles, which are bulky and subject to mechanical malfunction 

20 and are not easily integrable with solid state lasers. At longer wavelength in the infrared 
region, particular at the telecom wavelength of 1550nm, the available dye media are easily 
damaged by visible light, making it more difficult to handle such materials. 

MQW (multiple quantum well)semiconductor devices require complex and costly 
fabrication systems, such as MOCVD (metal organic chemical vapor deposition) or MOVPE 

25 (metal-organic vapor-phase epitaxy, and may require additional substrate removal process. 
Furthermore, high-energy (4MeV~12MeV), heavy-ion implantation is required to reduce the 
device recovery time (typically a few nanoseconds) to a few picosecond for laser 
mode-locking. The MQW saturable absorber can only be used in reflection mode, therefore 
requiring inclusion of an optical circulator, which increases the total device insertion loss. 

30 Additionally, MQW-based devices may require expensive hermetic packaging for long-term 
environmental stability, and may not withstand high optical input powers. So far, no 
alternative material useful as a saturable absorber at 1550nm has been found to challenge 
MQW-based saturable absorbers. 
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Thus, there is a need in the art for materials that exhibit non-linear optical properties 
and materials which function as saturable absorbers for use in laser and other optical device 
applications. This invention relates to the use of new saturable absorber materials, carbon 
nanotubes, and particularly single walled carbon nanotubes, for use in laser applications. 

It has recently been reported that single-wall carbon nanotubes (SWNTs) exhibit 
saturable absorption [Y.-C. Chen, et al., 2002a and Y. Sakakibara, et al., 2003], and the 
potential application for such material as optical switches was proposed [Y.-C. Chen, et 
al. ,2002a ; Y.-C. Chen, et al., 2002b; and Y. Sakakibara, et al., 2003]. International 
application WO03/034142 reports the saturable absorption properties of SWNTs and certain 
optical devices that include SWNTs. The Z-scan measurement technique which was used in 
the studies presented does not measure device response time. In separate studies, the recovery 
time of a thin layer containing SWNTs was measured to be <lps using pump-probe 
experiments [Y.-C. Chen, et al., 2002 a; Y.-C. Chen, et al., 2002b; and S. Tatsuura, et al., 2003]. 
Recently, a SWNT-based saturable absorber called "Saturable Absorber Incorporating 
NanoTube" (SAINT) was reported for use in optical noise suppression of ultrafast optical 
pulses in the picosecond regime [S. Y. Set, et al., 2003a]. 

Certain aspects of this invention have been reported. A passively mode-locked fiber 
laser using SAINT as a mode-locker was reported [S. Y. Set, et al. 2003b]. A Q-switched laser 
using SAINT as a Q-switch was reported [S.Y. Set, et al. 2003c]. 



SUMMARY OF THE INVENTION 
It is an object of this invention to provide pulsed lasers employing carbon nanotubes as 
non-linear optical or saturable absorber materials to facilitate pulse generation. In particular, 
the invention relates to the use of carbon nanotubes as non-linear optical or saturable absorbers 
25 in pulsed laser configurations. 

It is an object of the present invention to provide optical pulses from a mode-locked 
laser and/or a Q-switched laser using a saturable absorber incorporating carbon 
nanotubes. The optical pulse lasers of this invention use carbon nanotubes as a non-linear 
optical material and/or a saturable absorber for passive mode-locking and/or Q-switching, and 
offer several advantages over conventional materials used as saturable absorbers, such as 
MQW semiconductor devices. These advantages include: very fast recovery time (on the order 
of 1 picosecond or less), high optical damage threshold in vacuum or an inert gas environment, 
mechanical and environmental robustness, chemical stability, ease of fabrication, preferably at 
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lower cost, and the ability to operate both in transmission (uni-direction), reflection and 
bi-directional modes. Non-linear optical carbon nanotube materials of this invention, in 
particular, allow the fabrication lasers with very short pulse length (on the order of 1-10 
femtoseconds), similar to pulse lengths achievable using non-linear optical semiconductor 
5 materials, but which can operate in both the transmission, reflection and bi-directional modes. 

A laser configuration of the invention comprises a resonator containing a gain medium 
(or gain cavity), a source of excitation to produce optical gain in the gain medium and a 
non-linear optical device, particularly a saturable absorber device comprising carbon 
nanotubes into which light from the resonator can be optically coupled. The non-linear optical 
10 material produces an intensity dependent absorption at the lasing wavelength. Optical pulses 
can be generated in such a laser configuration by mode locking, and/or Q-switching, dependent 
on the optical power of the pump beam and the location of the focusing region on the carbon 
nanotube layer. 

In a more specific embodiment, a laser configuration is provided having an optical ring 
15 resonator, a optical pump light source which provides an excitation beam at a selected 
wavelength or within a specified spectral range, a gain medium disposed in the resonator 
responsive to the pump beam excitation to produce optical gain over the operating spectral 
range of the laser, a saturable absorber comprising carbon nanotubes and a means for coupling 
light from the resonator into the saturable absorber. The laser configuration may also include 
optical isolators to ensure uni-difectional lasing operation, and a wavelength tunable optical 
bandpass filter to define the laser operating wavelength. The saturable absorber preferably 
comprises a thin layer, preferably 10 micron or less for given applications, of carbon nanotubes 
to produce an intensity dependent absorption at the lasing wavelength. 

Another specific laser configuration of the invention includes a linear resonator (gain 
cavity) defined by two reflective elements, an optical pump light source which provides a 
excitation beam at a selected wavelength or within a specified spectral range, a fiber gain 
medium disposed in the resonator responsive to the pump beam excitation to produce optical 
gain over the operating spectral range of the laser, and a carbon nanotube saturable absorber 
into which light from the resonator can be coupled. In a specific example, the carbon nanotube 
saturable absorber can be provided as a layer coated, sprayed or otherwise deposited onto one 
of the reflecting elements of the cavity to achieve mode-locking. 

In alternative embodiments, the carbon nanotube saturable absorber of this invention 
can be employed in any art known laser configuration for mode-locking, and/or Q-switching. 
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For example, the carbon nanotube saturable absorber of this invention can be employed in 
hybrid mode locked fiber lasers, sigma lasers, colliding pulse mode-locking lasers, solid-state 
lasers, figure-eight lasers, nonlinear polarization rotation lasers among other cavity designs. 
In specific embodiments, the non-linear optical or saturable absorber elements or devices of 
5 this invention containing carbon nanotubes, e.g., as one or more layers on or between 
substrates, can be employed as mode lockers, Q switchers and in Q spoiler devices. 

In these exemplary laser configurations a wavelength coupler can be employed to 
couple the pump excitation beam into the gain medium. Various art-known wavelength 
couplers can be employed. For example, one or more optical lenses in the resonator can be 

10 employed to couple light into the saturable absorber. Optical pulses can be generated using 
these laser configurations by mode locking, and/or Q-switching. The carbon nanotube 
saturable absorber of this invention can initiate(self-start) and mode-lock a laser of various 
laser configurations to produce pulses ranging from picosecond-femtosecond pulses. It is 
believed that the intensity dependent absorption of the carbon nanotube result from the present 

15 of a limited number of exciton-absorption centers which give rise to a bleachable absorption. 
Further facilitating the function of these materials as saturable absorbers is the intensity 
dependent nonlinear phase-shift in the carbon nanotube material which gives rise to a 
Kerr-type nonlinear lensing effect. These effects are exploited to mode-lock a laser to produce 
ultra-short optical pulses. 

20 The invention provides various optical device elements that contain a saturable 

absorber which comprises carbon nanotubes. Device elements of the invention include 
saturable absorber devices or elements, laser-mode locking devices, laser Q-switching devices 
and devices for laser mode-locking and Q-switching. Generally, the invention encompasses 
any optical device element which employs carbon nanotubes as a mode locking element or 

25 device or a Q-switching element or device. In these elements and devices, the diameter of the 
carbon nanotubes can be selected to absorb within a selected operating wavelength range. 
Alternatively, in these elements and devices, the carbon nanotubes can be selected to have a 
range of different diameters to provide a wide operating bandwidth, for example a mixture of 
carbon nanotubes of different diameters can be employed. The invention includes 

30 mode-locking and Q-switching elements and devices which are capable of operation in both 
bi-direction and uni-direction and which are capable of operation in both reflection and 
transmission mode. 

In specific embodiments, the invention provided mode-locking and Q-switching 
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elements and devices having one or more layers containing carbon nanotubes (e.g., SWNTs or 
a mixture of SWNTs and MWNTs). In other preferred embodiments, non-linear optical and 
saturable absorber elements and devices of this invention contain a non-linear optical material 
or a saturable absorber that consists essentially of carbon nanotubes, particularly SWNTS, 
5 which may be provided in one or more layers in which a layer consists essentially of carbon 
nanotubes, particularly SWNTs. Carbon nanotube layers are provided on the substrate and the 
substrate is positioned within the element or device and the element or device is positioned in 
operation to received light from a source (e.g., laser light) which passes through a carbon 
nanotube layer. These elements and devices may further comprise or be combined with other 

10 optical elements, including optical filters which may be fixed wavelength or tunable(e.g., 
bandpass filters), reflective surfaces (e.g., mirrors), pulse shaping elements (e.g., short lengths 
of single-mode fiber). In these elements and devices the layer or layers can be of uniform 
thickness. Alternatively, the thickness of the carbon nanotube layers can be uniformly varied. 
In particular, the carbon nanotube layer thickness can be varied to adjust the mode-locking 

15 and/or Q-switching threshold optical energy. In specific embodiments, the mode-locking and 
Q-switching elements or devices comprise one or more substrates having one or more layers 
comprising carbon nanotubes on one or more surfaces of the one or more substrates. More 
specifically, these elements or devices can comprise a substrate having a carbon nanotube layer 
on one surfaces and the other surface (or face) of the substrate is optionally provided with an 

20 anti-reflection (AR) coating, a bandpass filter or a less than fully reflective mirror (i.e., a mirror 
having reflectivity of less than 99%, e.g., having reflectivity between about 1% to less than 
about 99%). Examples of less than fully reflective mirrors include mirrors with reflectivity in 
the range of about 10% to about 90% reflectivity and half-mirrors (reflectivity of about 50%). 
In specific embodiments, the invention provides pulsed lasers comprises one or more of 

25 the above mode-locking and/or Q-switching elements or devices. In other specific 

embodiments, the invention provides pulsed lasers which comprise one or more mode-locking 
and/or Q-switching elements or devices of this invention containing carbon nanotubes in 
combination with one or more art-known active or passive mode-locking and/or Q-switching 
elements or devices which do not contain carbon nanotubes. Active mode-locking devices 

30 which may be combined with the elements and devices for mode locking and Q switching of 
this invention include intensity modulators, phase modulators, or acousto-optic modulators 

Additionally, the invention provides waveguides, including among others, ridge 
waveguides or optical fibers, which comprise or incorporate carbon nanotubes in the optical 
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path through the waveguide. Carbon nanotubes can be coated onto desired portions of 
waveguides and/or layers of these materials can be grown on surfaces or in structures (e.g., 
grooves) formed on waveguide surfaces employing chemical vapor deposition or other 
methods known in the art. The invention further relates to optical devices comprising one or 
more waveguides comprising carbon nanotubes in the optical path through the waveguide. The 
carbon nanotubes present in the waveguide optical path are present in a sufficient amount 
therein to function as a non-linear optical material and/or a saturable absorber. 

The non-linear optical material or saturable absorber comprises carbon nanotubes 
which may be single-walled (S WNTs), multipe-walled (MWNTs) or a mixture containing both 
types of carbon nanotubes. In preferred embodiments, the non-linear optical material or 
saturable absorber comprises carbon nanotubes which are SWNTs, or mixtures of S WNTs and 
MWNTs. In one preferred saturable absorber device a layer, film or coating of carbon 
nanotubes is provided on a face of a substrate. The other face of the substrate can optionally be 
provided with an anti-reflective (AR) coating, a bandpass filter, or a mirror with less than full 
reflectivity. In an alternative configuration of a saturable absorber device, carbon nanotubes 
can be provided as a layer between opposed inner faces of two substrates. The external faces of 
the substrates may be provided with AR coatings, a bandpass filter or a mirror having less than 
full reflectivity. 

The mode-locking and/or Q-switching elements and devices of this invention comprise 
carbon nanotubes as non-linear optical materials and/or saturable absorbers can be combined in 
optical device configurations, e.g., in pulsed laser configuration, with known saturable 
absorber elements and devices (not based on carbon nanotubes) and devices for achieving 
active or passive mode locking and Q-switching. Art-known elements and devices with which 
the mode-locking and/or Q-switching elements and devices of this invention can be combined 
include, among others, semiconductor saturable absorber mirrors, dye saturable absorbers, 
nonlinear loop mirrors, nonlinear polarization rotation switches, Kerr lensing devices, 
self-focusing, soliton-ffect, coupled cavity mode-locking devices, additive pulse mode locking 
devices and a colliding pulse mode locking devices. 

The invention also provides methods for generating laser light pulses (optical pulses) 
employing a mode-locked, Q-switched laser or hybrid laser, combining mode-locking and 
Q-switching, of this invention. The method involves the step of providing a mode locker or a 
Q-switcher which comprises carbon nanotubes. The mode locker or Q-switcher is optically 
coupled to the resonator in a laser configuration. Any laser configuration known in the art can 
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be employed and in particular the laser can be a ring laser, a Fabry-Perot (FP) linear resonator 
configuration laser, a Sigma configuration laser, or a colliding pulse mode-locking (CPM) 
configuration laser, among others. The method further comprises providing one or more 
non-linear optical materials or saturable absorbers other than those which contain carbon 
nanotubes which is also optically coupled to the laser resonator in the laser configuration. The 
elements, devices and lasers of this invention can also be employed in a method for passively 
mode-locking a laser to generate short optical pulses. The invention can provide devices and 
methods which generated short optical pulses (at various desired wavelengths, but particularly 
in the wavelength range useful for optical communications) that are <5picosec, <2 picosec, <1 
picosec, <500femtosec, < 100 femtosec, <50 femtosec, or <10femtosec (and all subranges 
thereof) in length. 

BRIEF DESCRIPTION OF THE FIGURES 

Fig. 1 illustrates the configuration of an optical pulse laser, passively mode locked 
using a carbon nanotube saturable absorber in a ring cavity, according to a first exemplary 
embodiment of the present invention; the figure illustrates the use of particular exemplary 
active fiber and pump laser and particular collimator/lens combinations for coupling to the 
passive mode-locking element (the CNT saturable absorber); The positioning of FC/PC 
connectors and fusion splice points are illustrated for a specific configuration; 

Fig. 2 depicts an autocorrelation trace of optical pulses generated from a laser of 
configuration Fig. 1 , with a FWHM width of 1 . 1 picosec; 

Fig. 3 shows a measured optical spectrum of optical pulses generated from a laser 
configuration of Fig. 1, with a 3-dB spectral width of 3.7 ran; 

Fig. 4 shows a sampling oscilloscope trace of mode-locked optical pulses generated 
from a laser configuration of Fig. 1 , showing a fundamental pulsing repetition rate of 6. 1 MHz; 

Fig. 5 shows a sampling oscilloscope trace of mode-locked optical pulses generated 
from a laser configuration of Fig. 1, operating at a second-harmonic repetition rate of 12.2 
MHz; 

Fig. 6 shows a sampling oscilloscope trace of the Q-switched optical pulses generated 
from a laser according to Fig. 1 when operated in the Q-switching regime, with a measured 
FWHM width of 4 usee and repetition rate of 37.5 kHz; 

Fig. 7 shows a measured optical spectrum of the Q-switched optical pulses generated 
from the laser according to Fig. 1 when operated in the Q-switching regime; 

Fig. 8 illustrates the configuration of an optical pulse laser, passively mode locked 
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using a carbon nanotube saturable absorber, in a linear resonator cavity, according to a second 
exemplary embodiment of the present invention; Again specific exemplary active fiber 
(amplifier) and pump laser are illustrated; FC and PC connectors and fusion splice points in an 
exemplary configuration are shown; 

Fig. 9 shows a sampling oscilloscope trace of mode-locked optical pulses generated 
from a laser according to Fig. 8, showing a fundamental pulsing repetition rate of 9.8 MHz; 

Fig. 10 shows a measured optical spectrum of optical pulses generated from a laser 
according to Fig. 8, with a 3-dB spectral width of 13.66 nm; 

Fig. 11 depicts an autocorrelation trace of optical pulses generated from a laser 
according to Fig. 8, with an estimated FWHM width of 318 femtosec. 

Figs. 12A-C illustrate ring laser configurations. Fig 12A illustrates a unidirectional 
ring configuration. Fig. 12B illustrates a bidirectional ring configuration and the application of 
colliding pulse mode locking (CPM). Fig. 12C illustrates a unidirectional ring configuration 
with hybrid mode locking. 

Figs 13A-E illustrate exemplary linear laser configurations. Fig. 13A is a linear 
configuration with a filter separate from a mirror); Fig. 13B illustrates a hybrid mode-locking 
linear configuration, corresponding to the configuration of Fig. 13 A, with filter separate from 
mirror with an optically coupled modulator; Fig. 13C illustrates a linear configuration with 
reflection mirror as filter and mirror; Fig. 13D illustrates a linear laser configuration with a 
CNT saturable absorber and the reflection mirror as single element; Fig. 1 3E illustrates a linear 
laser configuration with the reflection mirror, filter and CNT saturable absorber layer 
combined in a single optical element; The configurations of Figs. 13C-E can be implemented in 
a hybrid mode-locking configuration as illustrated in Fig. 13B by optically coupling a 
modulator into the illustrated configuration; The element labeled gain represents a source of 
amplified laser light, such as a resonator or amplifier that is pumped with appropriate 
wavelength radiation; Half-mirrors illustrated in Fig. 13A-E can be any not fully reflective 
mirror, e.g., a mirror with less than 99% reflectivity; 

Figs. 14A-D illustrate additional laser configurations of this invention; Fig. 14 A is a 
linear free space configuration with lens coupling into the CNT layer preferred for use for low 
peak power; The interference distance is illustrated; Fig. 14B is a configuration similar to that 
of Fig. 14A with lens coupling preferred for high peak power; Fig. 14C is a generic 
illustrationof a free space laser configuration illustrating that changing the distance of 
interference with result in a change in frequency (and wavlength) of the laser. Fig. 14Dis a 
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generic free space laser configuration as in Fig. 14C in which the Er-doped glass is replaced 
with SOA; 

Figs. 15A-C are additional laser configurations of this invention; Fig. 15A-C are three 
different Sigma free space laser configurations with different placements of the saturable 
absorber element; 

Fig. 16A illustrates a compact configuration for a high repetition rate linear lasers. The 
configuration is illustrated for high intensity, but low peak power. If the laser lens is removed 
the laser is low intensity, but high peak power; Fig. 16B is an enlargement of the laser of the 
configuration of Fig. 16 A, showing that the lens focuses light into and out of the CNT layer; 
Figs. 16C-E illustrates means for adjusting the laser wavelength and the laser repetition rate in 
a laser configuration of Figs. 16 A and B; Focusing the optical beam at different points along 
the length of the laser element (illustrated as the x-direction) changes the laser wavelength). In 
Fig. 1 6D the laser wavelength is shifted to shorter wavelength; In Fig. 1 6E the laser wavelength 
is shifted to longer wavelength. 

Figs. 17A-C, J-M, R-T illustrates various mode locking saturable absorber device 
configurations containing carbon nanotubes including a base carbon nanotube (CNT) unit (Fig. 
17R) which is a CNT layer (170) on a substrate face (175). The CNT layer can be prepared by 
spraying down a layer of carbon nanotubes; by combining CNT with resin or glue to for the 
layer or by other known deposition methods; and the positioning of the saturable absorber 
device at the focal point of one or more lenses. Fig. 17A illustrates a device configuration in 
which a CNT layer (170) is sandwiched between two substrate layers (175) and in which 
antireflective coatings (180) can be provided or in which one of the AR coatings can be 
replaced with a bandpass filter layer(181). Fig. 17B illustrates a simple configuration in which 
one substrate surface has a CNT layer and the other surface has an AR coating. Fig. 17C 
illustrates a more complex reflection-mode device configuration with a CNT layer sandwiched 
between substrates (175) and an internal mirro or band reflection mirror (190). The outer Ar 
coating (180a) is optional. Fig. 17D and E are transmission configurations for coupling into the 
saturable absorber mode-locking device with the saturable absorber layer positioned at the 
focal point of a lens (low peak power configurations). The optical beam can originate and be 
collected into a fiber. Fig. 17F is a reflection configuration. Figs. 17G-I are analogous to 
configurations of Fig. 17D-F in which light is incident on the CNT layer in a parallel manner 
(for high peak power). Figs. 17 J-M illustrate more complex saturabsorber device 
configurations with the saturable absorber sandwiched in a Fabry-Perot structure. Fig. 17J 
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positions the CNT layer between two half mirrors (195). The sandwiched CNT layer is then 
sandwiched between tow substrate layers (175). The substrate layers may be coated with an 
AR coating or a bandpass filter as illustrated. Fig. 17K illustrates a device configuration in 
which the CNT layer is sandwiched between two substrate layers and the outer substrate 
5 surfaces are provided with half mirrors (195) or a bandpass filter (181) as illustrated. Fig. 17L 
illustrates a configuration for use in reflection mode in which a CNT layer and a mirror or band 
reflection mirror (200) is sandwiched between two substrate layers. The outer surfaces of the 
substrate is provided with a half mirror as indicated. Fig. 17M also illustrates a device 
configuration for reflection mode in which a CNT layer is sandwiched between a half mirror 

10 and a mirror or band reflection mirror (200). The CNT/mirror layers are then sandwiched 
between two substrate layers and the outer surface of the substrate can be provided with an AR 
coating as illustrated. The half mirrors in these configurations can be replaced with less than 
full reflectivity mirrors (i.e, mirrors having reflectivity less than 99%). Figs. 17N-Q illustrate 
transmission and reflection mode configurations employing the device configurations of Figs. 

15 17J-M with light focused on the CNT layer (low peak power configurations). These 
configurations can be impemented as illustrated in Figs. 17G-I for high peak power. 

Figs. 17R-T illustrate additional saturable absorber mode locker configurations. Fig. 
17R is the basic configuration with a CNT layer on a substrate. Figs. 17S-T are complex 
saturable absorber mirror (SAM) configurations. The device configurations of Figs. 17S and T 

20 can be used in all of the laser configurations of Figs. 17U-17Z. 

Figs 17AA-17AD illustrate complex Grating-type configurations for low peak power 
use. These configurations use the saturable absorber configuration of Fig. 17A. Similar 
Grating-type configurations can be employed in which the incident light is parallel for use in 
high peak power structures. 

25 Fig.l8A-B illustrates waveguide structures in which CNT can be provided as layers or 

elements. Fig. 18A illustrates a waveguide element having multiple waveguides. Fig. 18Bis 
an enlargement of several waveguides of the element of Fig. 18 A. Figs. 1 8C-F illustrate device 
applications of waveguides having CNT layers or doping. Fig. 18C is a saturable absorber 
waveguide. Fig. 18D is a saturable absorber and Gain waveguide in which the waveguide is 

30 Er-doped. Fig. 18 E is a saturable absorber, gain and mode locked waveguide. In which the 
waveguide element is provided with mirrors, as illustrated. Fig. 1 8E is a saturable absorber and 
gain waveguide in which a portion of the waveguide is doped with CNT (or has a CNT layer) 
and a second portion of the waveguide is an active waveguide (i.e., doped with Er). Fig. 1 8G is 
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a saturable absorber, gain and mode lock waveguide in which the device is provided with 
mirrors as illustrated. The waveguides of Figs. 1 8C-G are optically coupled with lenses. Figs. 
18H-L are waveguide configurations analogous to those of Figs. 18C-G in which the 
waveguide is optically coupled into fiber. 
5 Figs. 19A-B illustrate fiber ferrule devices containing a CNT layer. 

Figs. 19C-D illustrate fiber ferrule etalon devices containing CNT. 

Figs. 19E-F illustrate fiber ferrule etalon devices wherein the cavity length is adjustable 
wherein the distance between the mirrors can be adjusted by moving at least one of the filer 
ferrules (e.g., with a piezomotor). 
10 Figs. 19g and H illustrates another fiber ferrule device with fixed distance between the 

fiber ferrule ends. The device employs free-space coupling via a lens configuration. 

Figs 20A-B illustrated a FBG doped with CNT (Fig. 20A) for use in combination with a 
circulator as a bandpass filter and saturable absorber (Fig. 20B) 

Fig. 21 is a graph of threshold current (mA) as a function of MINT loss(db) illustrating 
15 the laser pulsing threshold and operating regimes for mode locking and Q-switching. 

DETAILED DESCRIPTION OF THE INVENTION 
The term "carbon nanotubes" is used broadly herein to encompass all materials that 
have been referred to in the art by this name. An ideal nanotube is a hexagonal network of 
20 carbon atoms formed into a seamless cylinder with diameters on the order of nanometers and 
lengths that can be up to tens of microns. The ends of carbon nanotubes are typically capped 
with half of a fullerene molecule. Carbon nanotubes may be single-walled or multi-walled. 
The nanotubes may have a zigzag, armchair or helical configurations. The nanotubes may be 
semiconductor carbon nanotubes or metallic carbon nanotubes as defined in J. W.G. Wildoer, et. 
25 AL, 1998 

General information about the types, structures and properties of carbon nanotubes as 
well as methods of synthesis of carbon nanotubes can be found in PJ.F. Harris (2001) and 
D.Tom&nek and R. Enbody (eds) 2000. Carbon nanotube materials containing SWNTs, 
MWNTs or mixtures thereof, with varying levels of purity, and made by various methods are 
30 commercially available from various commercial sources including among others 
Sigma-Aldrich (St. Louis, MO), MER (Tucson, AR), BuckeyUSA (Houston, TX), Hyperion 
Catalysis International, Inc. (Cambridge, MA), Carbon Nanotechnologies (Houston, TX), 
Nanocs (New York, NY), and Nano Labs (Brighton, MA). Applied Nanotechnologies, Inc. 
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(ANI, Chapel Hill, NC) is a commercial source of SWNT films on various substrates including 
glass, silicon and metal with film thicknesses ranging from submicron to about 10 micron. 

Carbon nanotubes may have also been called "graphite whiskers"; "filament carbons"; 
"graphite fibers"; "extra fine carbon tubes"; "carbon tubes"; "carbon fibrils"; "carbon micro 
5 tubes" or "carbon nanofibers". Materials called by any of the listed names or other names 
employed in the art that have the structures and properties of materials currently called carbon 
nanotubes are encompassed within the term carbon nanotubes as used herein. 

Various methods are known in the art for the synthesis of carbon nanotubes (CNT). 
CNT useful as nonlinear optical materials in this invention can be prepared by any art-known 
10 method. Methods of synthesis and purification in the following references can be employed, 
for example, to make carbon nanotube materials for use in the present invention as non-linear 
optical materials and/or as saturable absorbers: U.S. patents 6,455,021; 6,331,262; 6,413,487; 
6,361,861; 6,333,016; 6,331,209; 6,350,488; 6,331,690; 6,303,904; 6,183,714; 5,753,088; 
5,482,601. 

15 Preferably, carbon nanotubes are prepared using a laser ablation technique, optionally 

followed by purification (as described below.). Preferably, the synthetic method allows for 
control of the diameter of the carbon nanotubes. Diameter-controlled fabrication of SWNTs is 
described for example in Kataura-et al, 2000 and in U.S. patent 6,331,690. Carbon nanotubes 
can be coating on substrate and/or waveguide surfaces by spraying or otherwise distributing a 

20 solution or suspension of carbon nanotubes in a solvent or liquid which can then be evaporated 
to leave a layer, film or coating on the surface. Additionally chemical vapor deposition 
techniques as known in the art can be used to prepare films, layers and/or coatings on substrates 
or waveguides. See for example: 6,350,488; 6331,209; 6,361,861. A recent synthetic method 
using alcohol (Maruyama et al., 2002, a low-temperature alcohol catalytic CVD method) can 

25 be used to grow SWNTs directly on to substrates or in grooves or waveguides. 

Carbon nanotubes which are semiconductor carbon nanotubes and those that are 
metallic carbon nanotubes can be employed. See: Wilder et al.,1998. CNT samples can 
contain single-walled carbon nanotubes, multi-walled carbon nanotubes or a mixture thereof. 
Preferred mixtures of carbon nanotubes contain substantial amounts (greater than 50% by 

30 weight of the carbon nanotubes present) of single-walled nanotubes which may contain lower 
levels of multi-walled carbon nanotubes and other impurities, including amorphous carbon, 
carbon Nan particles, metals or metal ions or Nan particles containing metals. Metals may be 
employed as catalysts in the synthesis of carbon nanotubes.. Experiments were performed 
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using a carbon nanotube sample believed to contain substantially semiconductor single-walled 
nanotubes prepared by laser ablation methods described below. Samples in which the diameter 
or diameter distribution of the carbon nanotube sample can be selected to be between about 0.6 
to about 2 nm are preferred. This range of diameters corresponds generally to a wavelength 
5 range between 1.03 micrometers and 2.64 micrometers for the SI or semiconductor first order 
band. Higher order bands, like S2, S3, S4, etc. give shorter wavelengths. For example, the 
corresponding S2 band would be between 517 nm and 1380 nanometers. 

In order to avoid confusion, the device which possesses properties suitable for ultra- fast 
laser mode-locking, previously referred to as SAINT, will be referred to herein as a MINT, 

10 Mode-locker Incorporating NanoTubes, to classify it as a special class of saturable absorber 
having such properties suitable fro ultra-fast mode-locking. These suitable properties consist 
of both a fast and a slow recovery time for mode- locking and self-starting, respectively, of a 
laser (with the fast component dominating over slow component so that mode-locking will 
dominates over Q-switching mode), a suitable level of saturation fluence depending on the 

15 laser peak pulsed power to facilitate stable mode-locking (a laser will not mode-lock if the 
saturation fluence is too high, and will become unstable if the saturation fluence is too low.), a 
suitable nonlinear absorption level (high saturable absorption level could give rise to Q-switch 
instabilities, whilst mode-locking will not occur if the saturable absorption level is too small) 
an absorption level in the range of about 0.2dB to about 1.2dB is found to be a good 

20 mode-locking operating range (see Fig. 21). 

The invention is further illustrated by reference to the drawings. Fig. 1 illustrates the 
configuration of an optical pulse laser passively mode locked using a carbon nanotube (CNT) 
as a non-linear optical material (NLO) or saturable absorber (SA) in a ring cavity. In this 
system, the cavity is a fiber ring cavity comprising a length of rare-earth doped fiber amplifier 

25 as a gain medium. The medium is preferably doped with at least one kind of rare-earth ion, 
which is preferably erbium (Er), for operation at 1550nm wavelength region. Other dopants 
may be employed to provide gain in other operating wavelengths, for example doping with 
Yb would provide gain in the 1030nm range. Additionally, co-doping techniques such as 
Er- Ytterbium co-doping may be employed to further increase the gain-per-length of the fiber 

30 amplifier and hence reducing the total cavity length for a higher repetition rate. An Er-doped 
fiber as shown in Fig. 1 is excited by a pump light source, which preferably is a laser diode 
(LD) with a wavelength shorter than that of the laser operating wavelength of the gain medium. 
Commercially available 980nm pump-LDs are usually capable of providing optical power of 

15 
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lOOmW or over when driven with 200mA of supply current. 

A 980nm LD is used in conjunction with a 980/1550 wavelength coupler, which 
couples the pump light into the Er-doped fiber (EDF) with low loss. Two optical isolators are 
employed to ensure uni-directional operation of the ring laser, and to prevent back reflections 
5 into the Er-doped fiber gain medium. Output light from the EDF is launched through a fiber 
collimator and a focusing aspherical lens, onto a thin layer of CNT, which was spray coated on 
a quartz substrate. Depending upon the distance of the CNT layer from the focusing aspherical 
lens, the intensity of the incident light onto the carbon nanotube can be varied. Since the CNT 
has resilient properties, it is preferred to place the CNT layer at the focal point where the optical 

10 intensity of the focuses light is highest (-5 micron spot-size) to achieve the best effect. Output 
light from the CNT is collected and launched back into the fiber cavity via another set of 
matching aspherical lens and collimator. 

Optionally, an optical bandpass filter, such as a thin-film filter, is inserted into the 
resonance cavity to wavelength tune the laser. For example, an angle-tunable optical bandpass 

1 5 filter can be used as illustrated in Fig. 1 . An angle-tunable optical bandpass filter having loss of 
about 3-dB and bandwidth (BW) of ~~7nm can be employed. A short length of single-mode 
fiber (SMF) can be used for pulse shaping and to further assist ultra-short pulse operation. The 
output of the laser is tapped through a 95% port of a fiber coupler, and the other 5% port is used 
for feed back into the cavity. This configuration yields a higher output optical power compared 

20 to the standard 10% output tapping. The intra-cavity power is defined by the saturation power 
of the gain-medium, a 95% output tapping will give 9.5 times more power than 10% output 
tapping. This is possible because of the low threshold operation of the laser. The threshold 
pump power with 95% output tapping and 5% cavity feedback is as low as 15mW. (Fiber lasers 
using MQW devices for mode-locking have a typical threshold pump power of ~60mW, even 

25 with 10% output tapping.) An optical isolator can also be placed at the output port of the laser 
to prevent back reflection into the laser cavity, which could destabilize the laser. 

The saturable absorption property of the CNT serves at least in part to mode-lock the 
laser as well as to initiate (self-start) the pulsing operation. The mode-locked laser of FIG. 1 
has a very low threshold power. When the pump LD is turned on to a level of around 18mW 

30 (45 mA pump current) optical pump power, the laser starts to mode lock and produce multiple 
pulses in a round trip time. However, after the laser has started pulsing, the pump power can be 
reduced to a level around 14mW (37 mA pump current) and the laser will still maintain pulsing, 
in the single-pulse mode with a fundamental repetition rate of 6.1 MHz, as shown in Fig. 4. 
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The output average optical power is measured to be -5.8 dBm. At pump powers higher than 
about 15mW, the laser will operate in multiple-pulse mode resulting in a higher-harmonic 
repetition rate at the multiples of the fundamental round trip frequency of 6. 1 MHz. One 
example is shown in Fig. 5, where the laser is mode-locked at the second harmonic repetition 
5 rate of 12.2 MHz. The average output power of the laser increases linearly with the number of 
pulses in the cavity. 

The autocorrelation trace of the output mode-locked pulses of the laser of Fig. 1 is 
shown in Fig. 2, whilst the output spectrum of the laser configuration is shown in Fig. 3. The 
autocorrelation trace and spectrum are well-fitted by a secant-hyperbolic-squared (sech2) pulse 

10 profile, indicating that soliton pulses are generated. Note that the dispersive sidebands in the 
pulse spectrum (Fig. 3) are a typical signature of a sech 2 soliton laser. The inferred full-width 
half-maximum (FWHM) width from the autocorrelation trace is estimated to be -LI psec, 
whilst the 3-dB spectral width of the pulses are measured to be 3.7 nm from the optical 
spectrum. This corresponds to a time-bandwidth product of 0.52, indicating that there is a 

15 chirp in the output pulses (transform limited, unchirped sech 2 pulses have a time-bandwidth 
product of 0.3 15). 

Further measurements indicate that the chirp is equivalent to the dispersion of ~ 7m of 
SMF. (The output fiber pigtail is estimated to be -5 m length of SMF). By using low 
dispersion fiber at the output, it is possible to reduce the chirp in the pulses. Other 

20 options include using a different output tapping point or employing external dispersion 
compensation to yield chirp-free transform limited pulses. 

When the carbon nanotube saturable absorber is removed from the laser cavity, it is not 
possible to mode lock the laser, even when the pump power is increased up to lOOmW. This 
demonstrates that CNT provides the mechanism required to initiate and sustain mode-locking 

25 operation, particularly at very low threshold pump power. 

In a thin layer of carbon nanotube, preferably lOmicrometer in thickness or less, and 
more preferably 1 micrometer or less in thickness, it is believed that there are a limited number 
of CNT available as absorption centers for the light at the wavelength of which the CNT was 
designed to provide exciton absorption, therefore the absorption is bleachable (saturable). 

30 However, more generally the thickness of a given layer of carbon nanotubes that can be used 
will depend on the level of absorption that it is desired to obtain in a given application. The 
concentration or density of CNT in a layer, film or coating employed is preferably the 
sufficient to give an effective optical absorption between 1% and 99%. 
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Preferred CNTs are substantially single-walled nanotubes (SWNTs) with diameters 
selected to provide exciton absorption in the wavelength region at 1 550nm. It is possible, using 
methods known in the art, to fabricate carbon nanotubes, particularly single-walled carbon 
nanotubes, of a particular diameter to absorb light of a particular wavelength, or to carbon 
5 nanotubes having a diameter distribution selected to cover a broad wavelength region. By 
controlling the diameter of the carbon nanotube, it is possible to design CNT saturable 
absorbers which absorb light in the wavelength range from 1 .2 micrometer to 2.0 micrometer. 

Additionally, apart from saturable exciton absorption, mode-locking can also be 
assisted by the Kerr-lensing effect in the CNT layer, as CNT also possesses an intensity 

10 dependent nonlinear phase-shift (Kerr- type nonlinearity), which will be effective in the setup 
as shown in Fig. 1 with the out-going lensing system from the CNT layer serving as a shutter 
(aperture), for Kerr-shutter, or Kerr-lensing operation. 

The laser in Fig. 1 at a given focusing position on the CNT layer is always 
operating in mode-locking regime, even when pumped at high pump power (lOOmW). 

15 However, when the focusing position on the CNT layer is changed to a different position, 
with higher absorption, the laser can also be operated in the passive Q-switching 
regime. This is due to the fact that, the CNT layer on the substrate is not deposited with a 
constant thickness. Depending on the focusing position on the substrate, different regions of 
the CNT layer with different thickness can be selected. In the Q-switched region, the beam was 

20 actually focused near the edge of the CNT layer, where higher thickness irregularity is 
expected. The linear transmission loss at this region was measured to be around 0.5dB higher 
than that at the mode-locking region. (There is also a possibility that the minute amount of 
transition metal catalyst impurities such as Co, and Ni, are acting as an assisting agent to 
produce the Q-switching effect.) 

25 Fig. 6 shows the digital sampling scope trace measured with a PIN photodetector of the 

output Q-switched generated from the laser of Fig. 1, whilst the output spectrum is shown in 
Fig.7. The threshold for achieving Q-switching is at a pump power of >75 mW. At lower 
pump powers, the laser reverts back to mode-locking operation. Depending on the pump 
power, the repetition rate of the Q-switched pulses can vary slightly, (as a function of pump 

30 power from 75mW to 95mW), from 34.55kHz to 37.45 kHz. The corresponding pulse width 
also varies from 5.32 usee to 4.04 ^sec, and output average power varies from 0.90 dBm to 
2.10 dBm. 

Laser power may need to be adjusted as is known in the art to obtain pulse generation. 
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In the case of a typical Erbium-doped fiber mode-locked laser operating at 1 550nm, pumped at 
980nm, the pump power required for mode-locking is usually in the range from 20mW - 
200mW. A higher pump power is usually required to initiate mode-locking [40-80mW], but 
once mode-locked, the pump power can be reduced [20-40mW]. The exemplary laser 
5 disclosed herein has a very low self-start power ~20mW and mode-locking can be maintained 
at pump power as low as 15mW.) 

Fig. 8 shows a second exemplary embodiment of the invention, which is a mode-locked 
laser in a linear resonator cavity. All the components have their usual functions as described 
for Fig. 1 . A Faraday rotator mirror (FRM) is used for the compensation of polarization 

1 0 variation in the cavity. In this configuration, the CNT is to be used in reflection mode, together 
with a mirror. The CNT layer is placed on the mirror surface, and two lenses are use to focus 
the incident beam into a tiny spot on the CNT surface. The light is then reflected back into the 
linear cavity. The laser of Fig. 8 is simpler to construct compared to that of Fig. 1. 

Fig. 9 shows the digital sampling oscilloscope trace of the laser of Fig. 8 measured 

1 5 using a PIN photodetector, and showing laser output pulses operating at the fundamental cavity 
repetition rate of 9.849MHz. The output spectrum of the pulses is shown in Fig. 10, with a 
spectral 3-dB width of 13.66 nm, in a Gaussian-type shape. Fig. 1 1 shows the autocorrelation 
trace of the mode-locked pulses with a Gaussian-type inferred FWHM width of 318 femtosec. 
The time-bandwidth product is calculated to be 0.543, compared to an unchirped transform 

20 limited value of 0.441 for Gaussian pulses. The output average power is nearly at 1 mW, when 
pumped with 25mW of pump power. 

Additional optical devices, device configurations and laser configurations employing 
carbon nanotubes in non-linear optical devices and/or in saturable absorber devices are 
illustrated in Figs.l2A-C, Figs. 13A-E, Figs. 14A-D, Figs. 15A-C, Figs. 16A-E, Figs, and 

25 17A-AD. Waveguide configurations are illustrated in Figs. 18A-L and fiber ferrule 
configurations (Fabry-Perot configurations) are illustrated in Figs 19A-H. 

A device with non-linear optical properties and/or saturable absorber properties, 
particularly useful for mode-locking can be based on a layer of carbon nanotubes, e.g. a SWNT 
film or a combination of SWNT and MWNT film coated or applied on a substrate. The substrate 

30 can be transparent or opaque or contain portions that are transparent and portions that are opaque. 

The other side of the substrate can be coated with thin-film layers to generate an AR 

(anti-reflection) coating, a bandpass filter, or a half-mirror. Fig 17A-Z illustrate applications of 

devices with non-linear optical properties and/or saturable absorber properties. 

Figs 17D-F show one pass/non-cavity structures having the functionality of a bandpass 
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filter, mirror, bandpass filter and mirror, and plane saturable absorber. In these configurations 
low peak power is assumed, so that the light is converged using lenses to high power density in 
the carbon nanotube material. 

Figs 17G-I show one pass/non-cavity structures having the functionality of bandpass 
filter, mirror, bandpass filter and mirror, and plane saturable absorber. In these configurations 
high peak power is assumed, so that the light does not need to be converged or is kept parallel 
(as in the output of a collimator lens). No extra lens for convergence is needed. 

Figs 1 7N-Q show a multiple pass cavity (Fabry Perot type) resonant structure where the 
carbon nanotube material is placed inside a cavity between two reflective mirrors. In these 
configuration low peak power is assumed, so that the light is converged using lenses to high 
power density (small spot size) in the carbon nanotube layer in the cavity. These configuration 
can be used to lower the saturable threshold power, and enhance the saturable absorber 
property of the device. Analogous multiple pass cavity (Fabry Perot type) resonant structures 
where the carbon nanotube material is placed inside a cavity between two reflective mirrors 
can be configured as illustrated in Figs. 17G-I for high peak power. where the light does not 
need to be converged or is kept parallel (as in the output of a collimator lens). These 
configurations can be used to lower the saturable threshold power, and enhance the saturable 
absorber property of the device. Dual lens configurations can be used to focus the light to a 
small spot size in the carbon nanotube layer when power is low. 

Figs. 17S and T illustrate Saturable absorber mirrors (SAMs) employing CNT layers. 
Configurations employing these structures are illustrated in Figs. 17U-Z. 

Figs. 17AA-17AD illustrates Grating-type configurations of saturable absorbers. 
These configurations can be implemented in low peak power configurations or in high peak 
power configurations (not specifically illustrated). 

The device configurations illustrated in the figures which combine saturable absorber 
layers with gratings and/or filters can be employed in laser configurations or for general use in 
optical applications/ 

Figs 18A-L illustrate waveguides and their applications. Fig. 18C-E show the coupling 
of light into and out of the waveguide via a lens structure. Configuration of Fig. 18C functions 
only as a saturable absorber, but configuration the configuration of Fig. 18D provides both gain 
and saturable absorption. Configuration (Fig. 18E) functions as a laser cavity using pumping 
through a dichroic mirror. 

Figs 18F and G also show the coupling of light into the waveguide via a lens structure. 
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Configuration (Fig. 18F) provides both gain and saturable absorption with the gain part 
separate from the saturable part. Configuration (Fig. 18G) functions as a laser cavity using 
pumping through a dichroic mirror with the gain part separate from the saturable absorber part. 

Fig. 18H-J show the coupling of light into the waveguide directly via an optical fiber. 
Configuration (Fig. 18H) functions only as a saturable absorber. Configuration (Fig. 181) 
provides both gain and saturable absorption. Configuration (Fig. 18 J) functions as a laser 
cavity using pumping through a dichroic mirror. 

Figs 18K-L show the coupling of light into the waveguide via a lens structure. 
Configuration (Fig. 18K) provides both gain and saturable absorption with the gain part 
separate from the saturable absorber part. Configuration (Fig. 18L) functions as a laser cavity 
using pumping through a dichroic mirror with the gain part separate from the saturable 
absorber part. 

CNT material can be either sprayed/deposited/ and/or doped in a waveguide structure. 
The waveguide can be a fiber as shown in Figs 19A or B. Various optical device 
configurations can be made using this CNT waveguide structure, including those of Figs 
19A-H. Fig. 19A shows CNT material in the form of a SAM butted directly to fiber and 
enclosed in a ferrule. This structure functions as a reflection type of saturable absorber. Fig. 
19B shows CNT material placed between two pieces of fiber enclosed in a ferrule. This 
structure functions as a transmission type of saturable absorber. Figure 19C shows a fiber 
ferrule etalon filter in reflection mode with CNT material placed in the cavity. Figure 19D 
shows a fiber ferrule etalon filter in transmission mode with CNT material placed in the cavity. 
Figure 19Eshows an adjustable fiber ferrule etalon filter in reflection mode with CNT material 
placed on the face of one of the mirrors outside the cavity. Fig. 19F shows an adjustable fiber 
ferrule etalon filter in transmission mode with CNT material placed on the face of one of the 
mirrors outside the cavity. 

Figs 19G-H illustrate fixed fiber ferrule devices that can function as a saturable 
absorber or as a mode locker. In Fig. 1 9G a CNT layer is provided at one fiber end and the fiber 
having this CNT layer is free-space coupled to a second fiber end through a lens configuration. 
In Fig. 19H two fiber ends are provided with a CNT layer and the two fiber ends are free-space 
coupled using a lens configuration. These device configurations can for example be employed 
as saturable absorbers in an optical fiber configuration. These device configurations can be 
employed, in particular, as a mode locker in a pulsed fiber laser system. 

CNT material can be either sprayed/deposited/ and/or doped in a waveguide structure. 
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The waveguide can be an FBG (fiber bragg grating) as shown in Figure 20A. Various 
structures can be made using the CNT FBG (Fiber Bragg Grating) base unit. Fig. 20B shows 
this FBG used in combination with a circulator. 

The saturable absorber elements and devices, mode locking elements and devices, the 
5 laser configurations and the waveguide and FBG configurations illustrated in the figures herein 
can be readily implemented in view of the descriptions herein and what is know in the art about 
combining and generating optical elements as illustrated therein. The CNT saturable absorber 
or non-linear optical material can be provided in a layer wherein the amount of CNT present is 
sufficient to observe a saturable absorption or non-linear optical effect. The type of CNT (e.g., 

10 the diameter of the carbon nanotube) can be selected to obtain an absorption at a desired 
wavelength or wavelength range. The amount of CNT present in the layer can be adjusted to 
obtain a desired optical response. 

CNT of this invention can be used as non-linear optical material and/or as a saturable 
absorber in a microlaser configuration, such as those described in U.S. patents 5,502,737; 

15 6,023,479; or 5,844,932. 

In general SWNT fabricated by different methods (HiPco, laser ablation and alcohol 
CCVD, for example) and applied to substrates by different methods (spraying or deposition) as 
well as applied to different substrates and employed in different substrate configurations are 
useful for laser mode locking. SWNT samples and SWNT layers fabricated by different 

20 methods can provide samples with different operating wavelengths. In a given MINT, 
absorption level can be controlled by CNT (or more specifically SWNT or MWNT) 
concentration (in the layer, i.e., CNT/unit volume of layer material) and by layer thickness. 
Further, my mixing different, kinds of SWNTs (e.g., SWNTs of different diameters) into a 
layer or by employing multiple layers (each layer, for example, containing a different SWNT, 

25 e.g., different in diameter), MINT elements or devices having different operating wavelength 
ranges can be generated. It is also possible to generate MINT elements or devices which 
exhibit broader or narrower operating wavelength ranges, particularly having ranges between 
about 800nm to 2000nm or subranges thereof, using such CNT and layer combinations. It is 
further possible to generate MINT elements or devices having a broad operating range 

30 covering from about 800nm to about 2000nm using such CNT and layer combinations. 

The invention is further exemplified and illustrated in the following examples. 
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THE EXAMPLES 

Example 1: Preparation of Carbon nanotubes (CNT) for use as non-linear optical and/or 
saturable absorber materials 

5 CNT can be synthesized by any means such as HiPCo, CVD, laser-oven /ablation and 

the arc-discharge techniques. In our particular example here, the CNT are formed by laser 
ablation. A target graphite rod consisting of 0.45 atomic % each of Nickel and Cobalt, placed 
in an oven heated at 1250°C, under 500 Torr of Argon gas flow, was ablated using the 
second-harmonics of a Nd:YAG pulse laser with energy of >300mJ/pulse. At the ablated 

10 region on the carbon rod, at temperate >3000°C, the evaporated carbon atoms, assisted by the 
Ni/Co growth catalysts, condenses to form CNT. After laser ablation, the sample is heated (to 
a temperature of greater than or equal to about 120°C) in a high vacuum to remove to vaporize 
substances such as fullerene with impurities. Next the sample is washed with toluene and 
filtered with fine mesh. Next, the sample is washed and dispersed with ethanol and mesh 

15 filtered. Next, the sample is mixed and dispersed with pure water and hydrogen peroxide is 
added to obtain a solution with 1 5% by volume of hydrogen peroxide, and heated at 1 00°C in a 
recalculating container for 3 hours to remove amorphous carbon and then mesh filtered. The 
sample is then washed with diluted acid weak HC1 solution) to remove the Co and Ni metal 
particles, and then mesh filtered, washed with base (a weak sodium hydroxide solution) to 

20 neutralize the acid and to remove other by products from the previous acid wash and mesh 
filtered. Finally, the sample is heated to 650 °C for one hour under vacuum to remove all the 
solvents. The sample is then allowed to cool down in room temperature. CNT samples with 
purity >90% with negligible metal catalysts impurities can be obtained following the above 
described processes. 

25 Example 2: Device Elements Having Layers, Films or Coatings of CNT 

Various methods can be applied to obtain layers, films or coatings of CNT on substrates 
as illustrates in the figures herein. For example, a sample of CNT powder can be mixed with 
any alcohol, preferably a volatile alcohol, such as ethanol, and sprayed onto a surface. 

Layers containing CNT can also be prepared by mixing the CNT powder into an 

30 adhesive or glue, such as a U-V epoxy. Preferred adhesives are those that are transparent at the 
intended operating wavelength or wavelengths and have a low melting point. Similarly, layers 
of CNT can be formed in polymers or plastics, such as polyimide. A polymer such as a 
polyimide can be used to form a CNT layer on or between substrates. The amount of CNT 
added in a layer, film or coating depends on how much absorption is desired for a given 
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application. 

CNT powders can be introduced into optical fibers. For example, CNT can be mixed 
into a polymer solution, which is then heated, and draw into a fiber. Any plastic or polymer 
materials that can be used for forming optical fibers can be employed. The amount of CNT 
5 added depends on how much absorption is desired for a given application. A CNT composition 
(e.g., a polymer containing CNT) can be inserted into holey fiber or into photonic crystal fiber, 
for example, where the CNT material is inserted into a bore or cavity(ies) within the fiber or is 
introduced into air spacings within a fiber. 

U.S. provisional application 60/435,577, filed Dec. 20, 2002 is incorporated by 
10 reference in its entirety herein. All Figures, figure captions of that application are incorporated 
by reference herein. 

Those of ordinary skill in the art will appreciate that materials, methods and device 
elements other than those that have been specifically exemplified herein can be employed in 
the practice of this without resort to undue experimentation. Those of ordinary skill in the art 

15 will appreciate that there are art-known equivalents for the materials, methods and device 
elements that are specifically exemplified. All such art-recognized equivalents are intended to 
be encompassed by this invention. 

All references cited herein are cited generally to provide information on the state of the 
art. More specifically references may be cited to provide specific information as indicated in 

20 the text of the specification. All references cited herein are incorporated by reference in their 
entirety herein and can provide among other information, details of the synthesis of carbon 
nanotubes by various methods, details of the operation of various laser configurations, 
descriptions of laser configurations that are known in the art; descriptions of optical elements 
and optical devices that are known in the art all of which may be employed in the practice of the 

25 invention as described herein. 
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